Small saccades occur frequently during fixation, and are coupled to changes in visual stimulation and cognitive state. Neurophysiologically, fixational saccades reflect neural activity near the foveal region of a continuous visuomotor map. It is well known that competitive interactions between neurons within visuomotor maps contribute to target selection for large saccades. Here we asked how such interactions in visuomotor maps shape the rate and direction of small fixational saccades. We measured fixational saccades during periods of prolonged fixation while presenting pairs of visual stimuli (parafoveal: 0.8°e ccentricity; peripheral: 5°eccentricity) of various contrasts. Fixational saccade direction was biased toward locations of parafoveal stimuli but not peripheral stimuli, $100-250 ms following stimulus onset. The rate of fixational saccades toward parafoveal stimuli (congruent saccades) increased systematically with parafoveal stimulus contrast, and was suppressed by the simultaneous presentation of a peripheral stimulus. The suppression was best characterized as a combination of two processes: a subtractive suppression of the overall fixational saccade rate and a divisive suppression of the direction bias. These results reveal the nature of suppressive interactions within visuomotor maps and constrain models of the population code for fixational saccades.
Introduction
Small (<1-2°) saccades occur 1-2 times per second during fixation (Ditchburn & Ginsborg, 1953; Martinez-Conde, Macknik, & Hubel, 2004; Ratliff & Riggs, 1950; Rolfs, 2009; Steinman et al., 1973; Zuber, Stark, & Cook, 1965) . The function of these small, fixational saccades for vision has prompted much investigation; they might serve to counter visual fading (Engbert & Mergenthaler, 2006; Martinez-Conde et al., 2006) , correct fixation error (Cornsweet, 1956; Engbert & Mergenthaler, 2006; Guerrasio et al., 2010) , and/or sample visual information at a fine spatial scale (Ko, Poletti, & Rucci, 2010; McCamy et al., 2014; Otero-Millan et al., 2013; Rucci et al., 2007) . The rate and direction of fixational saccades are modulated by sensory processes. For example, the rate of fixational saccades (as well as large saccades) decreases following a visual transient, a phenomenon called ''microsaccadic/saccadic inhibition'' Rolfs, Kliegl, & Engbert, 2008; Valsecchi & Turatto, 2007) . The rate and direction of fixational saccades are also modulated by cognitive processes, including covert shifts of attention (Brien et al., 2009; Cui et al., 2009; Galfano, Betta, & Turatto, 2004; Hafed & Clark, 2002; Laubrock, Engbert, & Kliegl, 2005; Laubrock et al., 2010; Pastukhov & Braun, 2010; Poletti, Listorti, & Rucci, 2013; Rolfs, Engbert, & Kliegl, 2004 ) (see Section 4.1).
Fixational saccades are motor expressions of neural activity on a continuous visuomotor map. The superior colliculus (SC), for example, topographically encodes the direction and amplitude of saccades (Carello & Krauzlis, 2004; McPeek & Keller, 2004; Robinson, 1972; Sparks, Holland, & Guthrie, 1976; Wurtz & Goldberg, 1972) and locations of behavioral relevance in the environment, including the locus of attention (Fecteau, Bell, & Munoz, 2004; Ignashchenkova et al., 2003; Lovejoy & Krauzlis, 2010; Müller, Philiastides, & Newsome, 2005) . In particular, neurons in the rostral pole of the SC are selective for the direction and amplitude of fixational saccades (Hafed, Goffart, & Krauzlis, 2009; . Nonlinear competitive interactions have been well documented in the responses of SC neurons in a variety of species (Basso & Wurtz, 1997; Hafed & Ignashchenkova, 2013; Li & Basso, 2005; Munoz & Istvan, 1998; Munoz & Wurtz, 1993; Mysore, Asadollahi, & Knudsen, 2010; Vokoun et al., 2014) . The responses of a neuron to a stimulus inside its response field (RF) are reduced by the simultaneous presentation of a second http://dx.doi.org/10.1016/j.visres.2015.01.009 0042-6989/Ó 2015 Elsevier Ltd. All rights reserved. stimulus, either also inside the RF (Li & Basso, 2005) or spatially far apart (Basso & Wurtz, 1997 . The nature of these competitive interactions between SC neurons has been modeled using weighted averaging and divisive normalization (e.g., Vokoun et al., 2014) . These neural response properties have been shown to underlie a number of behavioral metrics in humans and monkeys, including the rate and direction of large saccades. The rate and direction of fixational saccades, therefore, might provide a complementary characterization of the competitive interactions in visuomotor maps.
We used visual stimulation as an experimental manipulation, and quantified how fixational saccades depended on interactions between pairs of visual stimuli. The task was to maintain fixation on a small central marker. A parafoveal stimulus was presented either alone or simultaneously with a peripheral stimulus. The contrast of the peripheral stimuli (when present) was held constant, while the contrast of the parafoveal stimuli was systemically varied. We measured saccade rate and direction during an epoch 100-250 ms after stimulus onset, i.e., a time interval during which microsaccadic/saccadic inhibition has been reported. We limited our analyses to small saccades (<2°), which we defined as fixational saccades, i.e., saccades that occurred while observers were instructed to fixate centrally. Some of these saccades may have shifted gaze to the parafoveal stimuli. We adopted the term ''fixational saccades'' to avoid debate on the precise classification of microsaccades and their purpose; our present conclusions do not depend on distinguishing microsaccades from small, exploratory saccades.
We found that fixational saccades were biased toward the parafoveal stimuli, but they were suppressed by the simultaneous presentation of the peripheral stimuli. The suppression was best characterized as a combination of two separate processes: a subtractive suppression of the overall fixational saccade rate and a divisive suppression of the direction bias. Specifically, there was a reduction in the overall rate of fixational saccades, similar to previous reports of microsaccadic/saccadic inhibition, when parafoveal stimuli were paired with a peripheral stimulus compared to when parafoveal stimuli were presented alone. This reduction in overall fixational saccade rate was independent of parafoveal contrast and was modeled as subtractive. In addition, the relative proportion of fixational saccades toward parafoveal stimuli increased with parafoveal contrast, but less so when they were paired with a peripheral stimulus. This process was modeled as divisive. The divisive suppression of the direction bias could not be explained by the change in overall rate. We conclude that the suppression of fixational saccades induced by visual stimulation can be decomposed into two component processes, one subtractive and the other divisive, and we propose a framework in which these computational processes are performed in a visuomotor map like that in the SC.
Materials and methods

Observers
Eight observers (three females, aged 24-33) with normal or corrected-to-normal vision participated in the study, including one of the authors. Three observers wore glasses while participating in the study. Six were experienced psychophysical observers. Observers provided written informed consent, and the experimental protocol was approved by the University Committee on Activities involving Human Subjects at New York University. This work was carried out in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki).
Apparatus, stimuli, and experimental procedure
Observers sat in the dark and were instructed to maintain fixation on a small gray central marker on a dark screen (0.2°dia-meter; 15.2 cd/m 2 ; Weber contrast 1) for the duration of each experimental block, with head positioned on a chin rest to avoid large head movements that might cause artifacts in saccade detection. There was no additional task. Eye movements were recorded (1000 Hz, monocular) with an Eyelink 1000 infrared eye tracker (SR Research Ltd., Ontario, Canada) with a spatial resolution of 0.01°from sensor noise and 0.25-0.5°average accuracy when using a chin rest. A 9-point (grid) calibration was performed and validated at the start of each experimental block.
Stimuli were brief presentations of white, circular spots on a dark background (7.5 cd/m 2 ). The spots appeared at two eccentricities (0.8°and 5°; ''parafoveal'' and ''peripheral'', respectively) and one of the four cardinal locations (above, below, left or right of fixation) (Fig. 1A ). There were four trial types: blank, parafoveal-alone, peripheral-alone, and paired parafoveal and peripheral. During the parafoveal-alone trials, a parafoveal stimulus (0.4°dia-meter) was presented at one of the four 0.8°locations. During the peripheral-alone trials, a peripheral stimulus (0.6°diameter) was presented at one of the four 5°locations. During the paired trials, a parafoveal stimulus was presented simultaneously with one of the peripheral stimuli (16 location combinations). Each stimulus was presented for 80 ms, followed by an inter-stimulus interval of 480 ms. A trial epoch (560 ms) was defined as a stimulus presentation plus an inter-stimulus interval, beginning with the onset of the stimulus. Some trials were blank, during which no stimulus was presented, while the fixation marker remained on the screen. Parafoveal stimulus location and contrast varied across trials (luminances: 8.3-75.4 cd/m 2 ; Weber contrasts: 0.1-9) in randomly shuffled order. The peripheral stimuli, when present, were held at a constant contrast (luminance 37.6 cd/m 2 ; Weber contrast 4). Each experimental block consisted of 480 trials (269 s). Each observer completed multiple experimental blocks spanning several days, yielding 13,000-20,000 trials per observer.
Stimuli were generated using MATLAB (Mathworks, MA) and MGL (http://justingarner.net/mgl) on a Macintosh computer and displayed on a 22 00 flat-screen CRT monitor (Hewlett-Packard p1230; resolution: 1152 Â 870; refresh rate: 75 Hz) at a distance of 57 cm. The MGL Eyelink toolbox interfaced with the eye tracker. The monitor provided approximately 39°Â 30°viewing angle. The display was calibrated and gamma-corrected using a linearized lookup table.
Saccade detection
Raw gaze positions were converted into degrees of visual angle, based on the 9-point (grid) calibration that was performed at the start of each experimental block. Blink intervals were defined according to the Eyelink blink detection algorithm along with samples from 200 ms preceding to 350 ms following each Eyelink-detected blink interval. Sample values during blink intervals were ignored for all subsequent analyses.
Saccades were detected using an established algorithm that compares eye-movement velocity with a threshold Engbert & Mergenthaler, 2006) . The entire eye position trace from each block (after blink removal) was used for setting a saccade-detection velocity-threshold. A threshold criterion for saccade detection was determined based on the 2D (horizontal and vertical) eye-movement velocity during the block. Specifically, we set the threshold to be 7 times the standard deviation of the 2D eye-movement velocity, using a median-based estimate of the standard deviation . A saccade was identified when the eye-movement velocity exceeded this threshold for 7 ms (7 consecutive eye-position samples). We also imposed a minimum intersaccadic interval (defined as the interval between the last sample of one saccade and the first sample of the next saccade) of 10 ms so that potential overshoot corrections were not considered new fixational saccades (McCamy et al., 2012; Møller et al., 2002) . Eye velocity during blink intervals was ignored when calculating the threshold. The saccades identified in this way were manually inspected; 96% of automatically-detected saccades were verified by manual inspection. Saccade detection was unlikely to be affected by pupil size because pupil size changes slowly following stimulus onset (>1-2 s; Wyatt, 2010) . We limited our analyses to saccades less than 2°, which we defined as ''fixational saccades.'' We identified $96,000 fixational saccades across observers (at a rate of 1.18 ± 0.07 Hz, mean ± SEM across observers).
Some fixational saccades might have been missed by the algorithm and were not recovered by manual inspection. This might have biased our results if there were more missed fixational saccades in some conditions versus others. The missed fixational saccades were likely to be small in amplitude and short in duration. Our main analysis was based on fixational saccade rate combined across fixational saccades of all amplitudes. Thus, the fixational saccade rates preferentially reflected fixational saccades of larger amplitudes, which were more reliable. The average amplitude of the detected fixational saccades in the time epoch of interest (100-250 ms after stimulus onset; see next section) did not significantly depend on parafoveal contrast, but did depend on stimulus configuration (parafoveal-only versus parafoveal + peripheral) and observer (three-way ANOVA, main effects of contrast: p = 0.67; stimulus configuration: p < 0.0001; observer: p < 0.0001). This suggested that more saccades might have been missed for some observers because of individual variability in saccade amplitude. However, the individual differences in saccade rates across observers were small (see previous paragraph). It also suggested that there might have been fewer saccades detected for the parafoveal + peripheral condition than for the parafoveal-only condition simply because saccade amplitudes were smaller. However, differences in saccade amplitudes between stimulus configurations were also small (median amplitude for parafoveal-only: 0.33°; parafoveal + peripheral: 0.31°). Thus, the missed fixational saccades were unlikely to have substantially affected our conclusions.
Eye movements (position samples and fixational saccades) for each experimental block were segmented and assigned to each trial. We defined a trial as containing a blink if a blink interval overlapped for at least 100 ms with the trial interval (from stimulus onset to 480 ms after stimulus onset). These blink trials were excluded from analyses (9.4 ± 5.5% of the overall trials; mean ± standard deviation across n = 8 observers). Trials with 100 ms or more of missing data (for any reason) were also excluded. Using a more stringent or looser criterion for excluding trials (i.e., shorter or longer than 100 ms) yielded similar results, supporting the same conclusions. We also excluded trials containing any large saccades (>2°) from analyses (0.06 ± 0.1% of the overall trials; mean ± standard deviation across n = 8 observers). Analyzing trials containing only saccades <1°or <30 arcmin, or trials containing saccades of any size, yielded similar results, supporting the same conclusions. Finally, we excluded the first 3 trials of each experimental block from analyses. Overall, we analyzed $11,000-18,000 trials per observer. The range of trials was due to inherent inter-observer variability. The statistical analyses took into account the number of saccades per observer so as not to bias the results by observers with more saccades. Analyzing the data by equalizing the number of trials across observers yielded noisier but similar results, supporting the same conclusions. (i.e., 40 ms), and finally scaling it to a rate-per-second measure ( Fig. 2A) . The direction of each fixational saccade was computed as the angle between the eye position of the initial sample preceding the fixational saccade and the eye position at maximal displacement from the initial sample. Each fixational saccade was classified as rightward, leftward, upward, or downward depending on its direction (within ±45°around 0°, 180°, 90°, and 270°, respectively). Rates were computed separately for fixational saccades of each direction. Fixational saccade rates computed based on directions defined on narrower angular range (i.e., ±30°around the cardinal directions) yielded similar results, supporting the same conclusions. We defined a fixational saccade as ''congruent'' if its direction was toward the location the parafoveal stimuli.
In addition to computing saccade rates as a function of time (Fig. 2) , summary rate metrics were computed for each stimulus configuration and parafoveal contrast across a time epoch of 100-250 ms ( Fig. 3A and C, black and cyan curves), corresponding to the greatest change in fixational saccade direction (Fig. 2B ). This was done for both the overall rate and the congruent rate. The overall fixational saccade rate for a particular stimulus configuration and contrast was computed by averaging across trials and across the 100-250 ms time epoch, and then averaging across observers. For each observer, the rate of congruent fixational saccades for each of the four parafoveal locations (i.e., rate of rightward fixational saccades for right parafoveal location, leftward fixational saccades for left parafoveal location, and so on) was similarly computed by averaging across trials and across the 100-250 ms time epoch for each observer. The rates for the four fixational saccade directions were averaged to yield a single congruent rate for each observer and then averaged across observers. Analyzing the data by restricting to only left and right congruent fixational saccades, the predominant fixational saccade directions, yielded similar results, supporting the same conclusions.
The fraction of congruent fixational saccades (which we abbreviate as ''fraction'') was also computed as a function of parafoveal contrast (Fig. 3B) . For each observer, we estimated the number of congruent fixational saccades for each of the parafoveal locations across the 100-250 ms time epoch and across trials, and divided that by the total number of fixational saccades (of any direction) from the same time epoch and same trials. The fractions in the four fixational saccade directions were then averaged for each observer and averaged across observers.
The baseline overall rate was defined as the fixational saccade rate when the parafoveal contrast was zero (blank and peripheral-alone conditions; Fig. 3A , leftmost points). The baseline fraction was defined to be the fraction of congruent fixational saccades in the limit as the parafoveal contrast went to zero (Fig. 3B , leftmost points corresponding to contrast 0). By this definition, the baseline fraction in the main version of the analysis (directional saccades defined to be ±45°around the cardinal directions) was 0.25, reflecting the four directions. The baseline congruent rate was defined analogously as the rate of congruent fixational saccades in the limit as the parafoveal contrast went to zero (Fig. 3C , leftmost points). It was computed by multiplying the measured baseline overall rate by the baseline fraction (0.25).
For most analyses, we combined across peripheral locations for each parafoveal location because differences between the peripheral locations were small. Some analyses were performed by treating the different peripheral locations separately. In those analyses, for each parafoveal location, a peripheral location was referred to as ''same'' if it was at the same polar angle as the parafoveal stimulus (e.g., a right peripheral stimulus paired with a right parafoveal stimulus), ''opposite'' if it was 180°away from the parafoveal location (e.g., a left peripheral stimulus paired with a right parafoveal stimulus), or ''orthogonal'' if it was 90°away from the parafoveal location (e.g., an up or down peripheral stimulus paired with a right parafoveal stimulus).
Return saccades
Fixational saccades tended to be followed shortly by a subsequent fixational saccade in the opposite direction ( Supplementary Fig. 1A ). The larger the initial fixational saccade the more likely it was to be followed by a return saccade ( Supplementary Fig. 1B ). This suggests many fixational saccades occurred to correct the current fixation error introduced by previous fixational saccades or drift, consistent with previous reports (Cornsweet, 1956; Otero-Millan, Serra, et al., 2011; . Therefore, the average gaze position did not move toward the parafoveal stimulus as its contrast increased. A complementary multiple regression analysis quantified the congruent fixational saccade rates while discounting return saccades, some of which might have been averaged in with the stimulus-evoked fixational saccades in the main analysis (see Supplementary materials). The regression analysis accounted for the fixational saccades on each trial with a combination of the stimulus on that trial and the eye position preceding the fixational saccade, thus ensuring that the return saccades did not confound the interpretation of the results. The results of this regression analysis supported the same conclusions ( Supplementary Fig. 2 ).
Model fitting
We quantified the nature of suppression by the peripheral stimuli on the parafoveal stimuli. The number of congruent fixational saccades depended on the overall rate of fixational saccades and the direction of those fixational saccades; a change in the rate of congruent fixational saccades could therefore reflect either or both of these factors (Fig. 4) . The suppressive effect on these two processes was quantified by fitting models to describe the overall rate, congruent rate, and the fraction simultaneously. There were two curves (each as a function of parafoveal contrast) for each of these quantities, corresponding to the two stimulus configurations: parafoveal-alone and parafoveal + peripheral. The equations for the models are outlined in Table 1 .
The fraction of congruent fixational saccades provided an estimate for how fixational saccade direction depended on the stimulus. The fraction might be constant as a function of parafoveal contrast (''DC Fraction'' model) or might increase with parafoveal contrast. It might increase similarly for conditions with or without peripheral stimuli (i.e., no suppression; ''Same Fraction'' model) or do so differently for the two stimulus configurations (''Different Fraction'' model). The DC Fraction model contained two parameters: f 1,2 (c) = b 1,2 , where f 1,2 (c) was the fraction as a function of parafoveal contrast for the two stimulus configurations, and b 1,2 were parameters that were fit to the data. The Same Fraction model was specified with a Naka-Rushton
, where c f was the asymptotic fraction, r f and n determined the semi-saturation contrast and the steepness of the curve. The baseline b f corresponded to the average fraction of fixational saccades in each direction for c = 0; it was fixed at 0.25 in the main version of the analysis, reflecting the baseline fraction when averaged across the 4 directions. The value b f was allowed to vary for other versions of the analysis (e.g., that involved only the horizontal fixational saccades), because the baseline fraction was not necessarily 0.25. In the Different Fraction model, we used the same NakaRushton function but using two separate gain parameters c f1 and c f2 for the two curves, while fixing the other two parameters n and r f between the two curves. The DC Fraction model and the Same Fraction model were each a subtype of the Different Fraction model.
Similarly, the overall fixational saccade rate might or might not change systematically as a function of the stimulus. We defined three models to describe the overall fixational saccade rate: a ''DC Rate'' model, in which the overall fixational saccade rate was constant as a function of parafoveal contrast, a ''Same Rate'' model, in which the overall fixational saccade rate varied with parafoveal contrast but were the same for two stimulus configurations, and a ''Different Rate'' model, in which the variation in rate differed by a constant offset between the two stimulus configurations. The DC Rate and Same Rate models were each a subtype of the Different Rate model. Because the congruent rate was simply the overall rate multiplied by the fraction of congruent fixational saccades, the model predictions for the congruent rates were computed from the model predictions for the overall rate and for the fraction. Specifically, for each model, R c1,2 (c) = R o1,2 (c) f 1,2 (c), where R o1,2 (c) and R c1,2 (c) were the overall and congruent fixational saccade rates, respectively, as a function of parafoveal contrast for the two stimulus configurations (see Table 1 ). The models were fit simultaneously to 6 curves: congruent rate, overall rate, and fraction (averaged across observers) as a function of parafoveal contrast, for each of the two stimulus configurations (parafoveal-alone and parafoveal + peripheral). Although the congruent rate, overall rate, and fraction depended on one another, we used all 6 rather than 4 curves to constrain the fits, because it ensured that squared errors between measurements and predictions were equally distributed across all three sets of quantities. For example, prediction for the congruent rate might have been obtained by only minimizing the summed squared error for the overall rate and the fraction, and then multiplying the predicted overall rate by the predicted fraction. However, this might have produced a poor prediction for the congruent rate compared to directly minimizing its squared error, because squared errors produced from fits to other two quantities were multiplied rather than summed. For the main version of the analysis, the fits excluded the fraction at parafoveal contrast = 0, because these data points were fixed at 0.25 by definition.
Each of the fraction models was paired with each of the rate models (Table 1) , yielding a total of 9 possible combined models. For example, the DC Fraction model (with two parameters, b 1 , b 2 ), when paired with the Different Rate model (with 5 parameters, c R , m, r R , a, j), yielded a total of 7 parameters for the combined model. For each model, we used a constrained nonlinear optimization routine (fmincon function in MATLAB) to numerically solve for the values of the free parameters that minimized the summed squared error between the predicted and measured quantities (Fig. 3, red curves) . 
4 parameters: (c R , m, r R , a) 5 parameters: (c R , m, r R , a, j)
Subscripts 1 and 2 indicate parafoveal-only and parafoveal + peripheral conditions, respectively. f 1 (c) and f 2 (c), fraction of congruent fixational saccades as a function of parafoveal contrast c. R o1 (c) and R o2 (c), overall rate of fixational saccades. R c1 (c) and R c2 (c), rate of congruent fixational saccades. R c1,2 (c) = R o1,2 (c)f 1,2 (c) for each combination of rate and fraction models. DC Fraction model, parameters b 1 and b 2 specify f 1 and f 2 , respectively. Same Fraction model, parameters c f , n, r f correspond to the gain, exponent, and semi-saturation, respectively, of a Nara-Rushton function (shared for f 1 and f 2 ). Different Fraction model, c f1 , and c f2 correspond to the gain of f 1 and f 2 , respectively; n, r f correspond to the exponent, and semi-saturation (shared for f 1 and f 2 ). DC Rate model, parameters j 1 and j 2 specify the overall rates. Same Rate model and Difference Rate models, parameters c R , m, r R , and a correspond to the gain, exponent, semi-saturation, and baseline, respectively, of the Nara-Rushton function that specify one of the congruent rate curves R c1 (c). The other three curves, R c2 (c), R o1 (c), and R o2 (c), are specified relative to that function. Same Rate model, R o1 (c) = R o2 (c). Different Rate model, R o1 (c) and R o2 (c) differ by a constant j.
A split-halves cross validation procedure assessed the goodness of fit for each of the 9 combined models (Fig. 3D) . The data were partitioned into training and test sets, each containing half of the data. Because observers had unequal numbers of trials, the trials for each observer were randomly split into training and test halves, each of which was separately combined across observers. For each of the 9 combined models, we estimated the best-fitting model parameters to the congruent rate, overall rate, and fraction obtained from the training data, and used those parameters to predict the congruent rate, overall rate, and fraction obtained from the test data. The predicted quantities were compared with the measured quantities from the test data to yield a goodness-of-fit measure R 2 (coefficient of determination, or percentage of variance explained by the fit) for each set of test curves (congruent rate, overall rate, fraction). The R 2 for the three sets of curves were averaged to yield a single R 2 . We opted to use the average R 2 rather than a single combined R 2 , because the curves had different overall variances and the combined R 2 would have overweighed the curves with larger variances. The procedure was repeated 1000 times, each with a different random repartition of the data, yielding a distribution of R 2 for each of the models. We determined whether model m 1 described the data statistically better than another model m 2 by evaluating the proportion of R 2 differences between the two models (R m1 2 À R m2 2 ) that was greater than 0. A p value was determined as the fraction of R 2 differences that was smaller than 0.
Results
We studied how fixational saccades depended on spatial locations and contrasts of pairs of visual stimuli. Observers maintained fixation, while parafoveal and peripheral stimuli were flashed briefly at regular intervals at each of four cardinal locations (Fig. 1A) . A parafoveal stimulus was presented either alone (Fig. 1A top) or simultaneously with one of the peripheral stimuli (Fig. 1A bottom) . On some trials, no stimulus was presented, or the peripheral stimuli were presented alone, which served as baseline conditions. Eye movements were recorded to detect saccades following each stimulus presentation (Fig. 1B) .
The detected saccades were characterized by the typical linear relationship between peak velocity and amplitude on a log-log plot (Fig. 1C) (Zuber, Stark, & Cook, 1965) . Most of the saccades were small in amplitude ( Fig. 1D ; 98.4% within 1°, and 99.9% within 2°), consistent with the range reported in the literature for fixational saccades (Engbert, 2006; Martinez-Conde, OteroMillan, & Macknik, 2013) , and confirming stable and accurate fixation across observers. The amplitude distribution of our fixational saccades matched the amplitude distribution of microsaccades reported previously (e.g., Fig. 1a in Martinez-Conde, Otero-Millan, & Macknik, 2013). We limited our analyses to saccades less than 2°, which we defined as fixational saccades. Analyses performed by restricting to only saccades less than 1°, or less then 30 arcmin, or by using all saccades yielded similar results, supporting the same conclusions. Most of the fixational saccades ($80%) were along the horizontal direction (Fig. 1E) , as sometimes reported in literature Laubrock, Engbert, & Kliegl, 2005; Rolfs, Engbert, & Kliegl, 2005) .
Fixational saccade rate and direction as a function of time
Fixational saccade rate evolved systematically as a function of time after the stimulus onset ( Fig. 2A) . Fixational saccade rate increased at 250-400 ms (peaking around 300 ms) after the onset of a stimulus, before returning to baseline at around 500 ms. When a peripheral stimulus was presented, fixational saccade rate also decreased about 150 ms after stimulus presentation ( Fig. 2A, green and cyan curves). The average saccade rate between 100 and 250 ms was significantly lower for the parafoveal + peripheral condition (p < 0.001; randomization test) and for the peripheral-alone condition (p < 0.001; randomization test) compared to the blank condition. This rate modulation time course, with an early rate decrease below baseline followed by a later rate increase, was consistent with that widely reported in previous studies Hafed & Clark, 2002; Laubrock, Engbert, & Kliegl, 2005; Rolfs, Engbert, & Kliegl, 2004; Rolfs, Kliegl, & Engbert, 2008) . In comparison, when parafoveal stimuli were presented alone, the early decrease in fixational saccade rate was small ( Fig. 2A , black curve; average rate difference = 0.08 Hz at 100-250 ms for parafoveal-only versus blank conditions, p = 0.02). Fixational saccade rate for the blank trials did not show an early decrease or a late increase. Although one concern was that the fixed inter-trial interval might have modulated fixational saccade rate due to the expectation of a predictable upcoming stimulus (Hafed, Lovejoy, & Krauzlis, 2011; Pastukhov & Braun, 2010) , such modulation, even if substantially larger than what was observed, would be unlikely to affect the interpretation of our results as it would be present across all trial types.
Across all trials observers made somewhat more leftward than rightward fixational saccades (Fig. 2B-D , negative value indicated by the gray curves), consistent with the leftward direction bias observed in the overall fixational saccade direction histogram (49% of all saccades were leftward versus 32% rightward; Fig. 1E ). This relative difference in rate remained constant as a function of time after stimulus onset, and served as a baseline for measuring the modulation of fixational saccade direction as a function of stimulus location.
When parafoveal stimuli were presented alone, observers made more fixational saccades in the direction of the parafoveal stimuli at around 100-250 ms (Fig. 2B) . That is, when the parafoveal stimuli were presented on the right, the rate difference became positive relative to the baseline (Fig. 2B , blue curve; p < 0.001, randomization test), indicating that observers preferentially made more fixational saccades to the right than to the left. Conversely, when the parafoveal stimuli were presented on the left, the rate difference became negative relative to baseline in the same time epoch, indicating that observers preferentially made more fixational saccades to the left (Fig. 2B , red curve; p < 0.001, randomization test). In comparison, when only peripheral stimuli were presented, observers did not systematically make more fixational saccades in the direction of peripheral stimuli ( Fig. 2C ; right peripheral stimulus versus baseline: p = 0.17; left peripheral stimulus versus baseline: p = 0.08).
Although the peripheral stimuli were ineffective in evoking fixational saccades toward them, they nonetheless suppressed direction-specific fixational saccades evoked by the parafoveal stimuli. When parafoveal stimuli were paired simultaneously with a peripheral stimulus, observers made more fixational saccades in the direction of the parafoveal stimuli (Fig. 2D) , but the relative increase in direction-specific fixational saccades was smaller compared to when the parafoveal stimuli were presented alone (Fig. 2B) . In addition, the direction bias was similar regardless of the relative location of the peripheral stimuli (same and opposite shown in Fig. 2D ; orthogonal was similar but not shown).
A similar relationship was observed for upward and downward fixational saccades, though the modulation was smaller than that of horizontal fixational saccades, consistent with the observation that there were very few vertical fixational saccades compared to horizontal fixational saccades (Fig. 1E) .
We defined a fixational saccade as ''congruent'' if its direction was toward the location of the parafoveal stimuli. Congruent fixational saccades tended to occur $100-250 ms after stimulus onset ( Fig. 2B and D ; though some observers continued to exhibit an increased congruent fixational saccade rate until 350 ms after stimulus onset), around the same interval during which the overall fixational saccade rate decreased when peripheral stimuli were present ( Fig. 2A) . The overall rate of fixational saccades increased at a later time epoch after stimulus onset ( Fig. 2A ; $300-400 ms), but most of those fixational saccades were not biased toward the location of the stimuli (parafoveal or peripheral). Instead, there was an increase in the rate of fixational saccades in the direction opposite to the parafoveal stimuli during the later time epoch, evident as a reversal of the rate difference around 300-400 ms (Fig. 2B) . These fixational saccades might reflect return saccades that corrected fixation error introduced by the initial congruent fixational saccades (see Supplementary material: Return saccades). Some of these fixational saccades might have also been evoked by the stimulus, consistent with some previous reports (Galfano, Betta, & Turatto, 2004; Hafed & Clark, 2002; Laubrock, Engbert, & Kliegl, 2005; Rolfs, Engbert, & Kliegl, 2004) that fixational saccades tended to be directed opposite the location of an attention cue (see Section 4.1). We focused our analyses on the congruent fixational saccades during the earlier time epoch of 100-250 ms.
Fixational saccade rate and direction as a function of parafoveal contrast
The presentation of the peripheral stimuli suppressed the overall fixational saccade rate compared to when the parafoveal stimuli were presented alone (Fig. 3A) . When the parafoveal stimuli were presented alone, the overall fixational saccade rate remained relatively constant as a function of the parafoveal contrast. When a peripheral stimulus was simultaneously presented, the overall fixational saccade rate was suppressed relative to the baseline rate of blank trials (Fig. 3A , cyan curve below black point at contrast 0). The decrease in the overall rate was similar for peripheral stimuli presented alone (Fig. 3A , leftmost cyan point) and for increasing levels of parafoveal contrast (contrast 0 versus highest contrast, p = 0.48, randomization test; rate versus contrast across observers, Pearson's r = 0.05, p = 0.64). This suggests that the effect of the peripheral stimuli on the overall fixational saccade rate was approximately subtractive, leading to a constant decrease in fixational saccade rate at all parafoveal contrasts.
The rate and fraction of congruent fixational saccade depended systematically on parafoveal contrast. The rate of congruent fixational saccades increased with parafoveal contrast when the parafoveal stimuli were presented alone (Fig. 3C, black) . Given that the rate of all fixational saccades remained constant with contrast, this indicated that observers made proportionally more fixational saccades toward the parafoveal stimuli with increasing parafoveal contrast. This was reflected by an increasing fraction of congruent fixational saccades (or simply, ''fraction'') with parafoveal contrast (Fig. 3B, black) . The baseline fraction, by definition, was 0.25 (Fig. 3B , leftmost point corresponding to contrast 0; see Section 2.4). The rate of congruent fixational saccades was suppressed when the parafoveal stimuli were paired with a peripheral stimulus (Fig. 3C, cyan) . This suppression in rate was greater for increasing contrast. The small rate decrease evident at contrast 0 corresponded to 1/4 of the decrease in the overall rate of fixational saccades. The fraction also was suppressed when peripheral stimuli were presented with parafoveal stimuli (Fig. 3B) , suggesting that observers not only made fewer fixational saccades, but also directed a smaller proportion of those saccades toward the parafoveal stimuli.
We also computed the relative fixational saccade rates, after subtracting the baseline fixational saccade rates for each observer before combining across observers. For our principal analyses, we focused on the raw fixational saccade rates, which were unadjusted for the baseline rates, because it made the modeling and fitting procedure easier. We confirmed that the variation in congruent fixational saccade rate as a function of parafoveal contrast was similar with or without adjusting for baseline, supporting the same conclusions.
We hypothesized that the processes of rate and direction were dissociable, and that the suppression of the congruent rate caused by the peripheral stimuli reflected a suppression on both processes (illustrated schematically in Fig. 4) . The congruent fixational saccade rate at a particular parafoveal contrast depended on the overall rate of fixational saccades and the fraction of those fixational saccades that were congruent. The fraction provided an estimate for the amount of direction bias evoked by the stimuli, independent of the overall rate. The resulting suppression of the congruent rate might be purely subtractive (i.e., constant decrease in rate with parafoveal contrast; Fig. 4D ), purely divisive (i.e., the amount of decrease proportional to rate; Fig. 4B ), or a mix of the two (Fig. 4A and C) .
Changes in the overall fixational saccade rate and fraction of congruent fixational saccades could combine in different ways to produce the changes in the congruent rate. A subtractive suppression of the overall rate would result in a subtractive component in the suppression of the congruent rate (Fig. 4A, C and D ). An increasing fraction with parafoveal contrast would result in a divisive component in the suppression of the congruent rate (Fig. 4C) , leading to a larger decrease in congruent rate with contrast. In addition, and critically, a suppression of the fraction would lead to a greater divisive suppression of the congruent rate ( Fig. 4A and B ; also compare 4A to 4C). Because the type of suppression on the congruent rate could be similar with or without a suppression of the fraction, testing for the suppression of the fraction would provide the key in distinguishing whether peripheral stimuli divisively interact with the effect of parafoveal stimuli in biasing fixational saccade direction, independent of the effect on the rate.
The suppressive effect of the peripheral stimuli was quantified by fitting models to the overall rate, congruent rate, and the fraction simultaneously (see Section 2.6; Table 1 ). The models tested for the existence of both the suppression of the overall rate and the suppression of the fraction, thereby isolating the effect of the peripheral stimuli on each process. The models were fit to the measurements, averaged across observers, as a function of parafoveal contrast and corresponding to the two stimulus configurations (parafoveal-alone and parafoveal + peripheral). Three models for the overall rate (''DC'', ''Same'', ''Different'' Rate models) and three models for the fraction (''DC'', ''Same'' and ''Different'' Fraction models) were tested, resulting in a total of 9 possible combined models. We assessed the goodness of fit for these models by performing split-halves cross validation (Fig. 3D) .
The data were best fit by a combination of the DC Rate model and Different Fraction model (Figs. 4A and 3A-C, red curves), indicating that the results were characterized by a suppression of both the overall rate and the fraction of congruent fixational saccades. In addition, there was no evidence that the overall fixational saccade rate varied as a function of parafoveal contrast. In one model instantiation, the overall rate was constant as a function of parafoveal contrast ( Fig. 3A; ''DC Rate'' and ''Different Fraction''). In another instantiation, the overall rate was allowed to vary as a function of parafoveal contrast ( Fig. 3E ; ''Different Rate'' and ''Different Fraction''). The overall rate, in this case, was constrained by the curves for the congruent rate and the fraction, both of which increased monotonically with contrast (Table 1) ; but the overall rate itself might vary non-monotonically with contrast. Both of these models fit the data well (Fig. 3A-C versus E) , and there was no statistical difference between these two models (p = 0.13).
Since the DC Rate model was simply a subtype of the Different Rate model, we opted for the simpler model with fewer parameters.
We also tested categories of models that did not include a suppression of the overall rate (Fig. 3D , middle column, ''Same Rate'' models; Fig. 4B ), that did not include a suppression of the fraction (Fig. 3D , middle row, ''Same Fraction'' models; Fig. 4C) , and that had a constant fraction with contrast (Fig. 3D , bottom row, ''DC Fraction'' models; Fig. 4D ). All fit the data poorly. The models that did not include any suppression of the overall rate were worst (Fig. 3D, middle column; Fig. 3F ), indicating that the suppression of the overall rate accounted for a large portion of the overall variance. The models that had a constant fraction also did poorly (Fig. 3D, bottom row; Fig. 3H ). The models that used the same fraction curve for the two stimulus configurations (Fig. 3D , middle row; Fig. 3G ) did better than the above two model categories, indicating that the suppression of the fraction, if present, might have accounted for a relatively small portion of the overall variance (Fig. 3B, black versus cyan curves) . This was expected because the fraction, by definition, was a bounded, unit-less measurement that differed from the rate measures, and had a smaller range in which the curves could vary. Nonetheless, a model with suppression of the fraction of the congruent fixational saccades yielded a statistically significant advantage over a model without (compare Fig. 3A -C with Fig. 3G ; p = 0.007, randomization test), indicating significant suppression of the fraction (Fig. 3B , black versus cyan curves). Thus, these results indicate that peripheral stimuli induced a suppression of both the overall rate and the fraction of congruent fixational saccades. Neither change alone was sufficient to account for the data.
While we collapsed across peripheral locations for each parafoveal location in our principal analyses, there were some small but statistically significant differences between congruent rate modulations for the different peripheral locations relative to parafoveal locations (see Section 2.4). But these differences did not affect our conclusions. Specifically, parafoveal stimuli paired with a ''same'' peripheral stimulus evoked a higher congruent fixational saccade rate than those paired with an ''opposite'' or with an ''orthogonal'' peripheral stimulus (same versus opposite: p = 0.007; same versus orthogonal: p = 0.018; randomization test). Nonetheless, congruent rate for parafoveal stimuli paired with a ''same'' peripheral stimulus was still significantly suppressed compared to that for parafoveal stimuli presented alone (p < 0.001, randomization test). Congruent rate was not statistically different between parafoveal stimuli paired with opposite or with orthogonal peripheral stimuli (p = 0.23, randomization test). Additionally, model fits performed separately on each relative peripheral location yielded similar results as those obtained by combining across peripheral locations, supporting the same conclusions.
Altogether, these results revealed that visual stimuli affected fixational saccade rate and direction in different ways. Observers directed a greater proportion of fixational saccades toward the location of the parafoveal stimuli with increasing contrast, even as the overall rate of fixational saccades remained constant with parafoveal contrast. Thus, the effect of parafoveal contrast could be best characterized as increasing the direction bias without affecting the overall rate, leading to more congruent fixational saccades with parafoveal contrast. When the parafoveal stimuli were paired with peripheral stimuli, both direction bias and overall rate were suppressed, leading to a divisive + subtractive suppression of the congruent rate (Fig. 3C, red curves) . This was evident as a decrease in the congruent rate with increasing parafoveal contrast, plus an additional, constant amount of suppression of congruent rate at all contrasts.
The suppression of the congruent rate (Fig. 3C ) could be explained by three processes. First, the suppression of the overall rate was subtractive (Fig. 3A, red curves) . Second, the fraction of congruent fixational saccades increased monotonically with parafoveal contrast (Fig. 3B) , which by itself would have led to a divisive suppression of the congruent rate. Third, and importantly, the fraction was also suppressed by the peripheral stimuli (Fig. 3B, red  curves) , amplifying the divisive suppression of the congruent rate.
Discussion
We measured how fixational saccades depend on the spatial locations and contrast of pairs of visual stimuli while the observers' only task was to maintain central fixation. Similar to previous findings (Engbert, 2006; Hafed & Clark, 2002; Laubrock, Engbert, & Kliegl, 2005; Rolfs, Engbert, & Kliegl, 2005) , we found that the directions of fixational saccades were biased toward parafoveal stimuli shortly following their presentation ($100-250 ms post stimulus onset). We also replicated the finding that saccade rate (irrespective of direction) was suppressed during this time interval Laubrock, Engbert, & Kliegl, 2005; Rolfs, Kliegl, & Engbert, 2008; Valsecchi & Turatto, 2007; YuvalGreenberg et al., 2008) .
The main finding of this study is that when a peripheral stimulus was presented simultaneously with a parafoveal stimulus, the rate of congruent fixational saccades was suppressed, and this suppression increased with the contrast of the parafoveal stimulus. We quantified the nature of the suppression by separately modeling the overall fixational saccade rate and the fraction of congruent fixational saccades. Suppression of the congruent rate depended on the combination of two separate processes. (1) The overall rate of fixational saccades (irrespective of their direction) was suppressed following a stimulus. This change in rate remained constant with increasing parafoveal contrast and was modeled as subtractive.
(2) The fraction of congruent saccades (out of all saccades) increased with parafoveal contrast, but less so when a peripheral stimulus was also presented. The influence of adding the peripheral stimulation was modeled as divisive. The stronger suppression of the congruent saccade rate with increasing parafoveal contrast was explained by the combined influences of both the subtractive and divisive processes but not by either alone.
Fixational saccade direction and attention
A large number of studies have documented a close interaction between fixational saccades and spatial attention (Brien et al., 2009; Galfano, Betta, & Turatto, 2004; Hafed & Clark, 2002; Laubrock, Engbert, & Kliegl, 2005; Laubrock et al., 2010; Rolfs, Engbert, & Kliegl, 2004 . A spatial attentional visual cue has been found to bias fixational saccade direction toward or away from the cue. The use of both central endogenous cues Laubrock, Engbert, & Kliegl, 2005) and peripheral exogenous cues (Brien et al., 2009; Hafed & Clark, 2002; Laubrock, Engbert, & Kliegl, 2005; Rolfs, Engbert, & Kliegl, 2005) has been investigated. Attention was not directly manipulated in our experiment, so it is difficult to relate our results directly to previous results involving attention manipulation. Nonetheless, the stimuli may have evoked reflexive (exogenous) shifts of attention, and our results are qualitatively consistent with the timing and direction reported in attention studies involving exogenous attention cues (Engbert, 2006; Hafed & Clark, 2002; Laubrock, Engbert, & Kliegl, 2005; Rolfs, Engbert, & Kliegl, 2005) .
In our results, observers made congruent fixational saccades only to parafoveal but not peripheral stimuli, unlike many previous reports involving peripheral attention cues (Brien et al., 2009; Hafed & Clark, 2002; Laubrock, Engbert, & Kliegl, 2005; Rolfs, Engbert, & Kliegl, 2005) . In our experiment, unlike most attention experiments, observers were not required to make perceptual judgements of peripheral stimuli. Rather, observers were instructed to keep stable fixation, which encouraged them to maintain attention centrally; focused attention can render negligible the exogenous effect of irrelevant stimulus onsets in the periphery (Grubb et al., 2014; Tse, Sheinberg, & Logothetis, 2002) . Consistent with this interpretation, one study also reported a lack of direction bias evoked by uninformative peripheral flashes (Tse, Sheinberg, & Logothetis, 2002) . Conversely, another study reported that higher peripheral attention loads were associated with a larger direction bias (Pastukhov & Braun, 2010) . Consequently, our results complement the view that fixational saccades indicate covert orienting of spatial attention Hafed & Clark, 2002) .
Attention studies involving exogenous cues have frequently reported a late cue-incongruent effect (e.g., 300-500 ms), with more fixational saccades directed opposite the cued location (Brien et al., 2009; Galfano, Betta, & Turatto, 2004; Hafed & Clark, 2002; Laubrock, Engbert, & Kliegl, 2005; Rolfs, Engbert, & Kliegl, 2004 . We also observed a similar increase in the rate of fixational saccades in the direction opposite to the parafoveal stimuli following the increase in the congruent rate (Fig. 2B ). These cueopposite fixational saccades have been interpreted as reflecting inhibition of return (Posner & Cohen, 1984) , in which fixational saccades are biased away from previously activated motor programs or attended locations (Brien et al., 2009; Galfano, Betta, & Turatto, 2004) , or as reflecting overcompensation in inhibiting the automatic oculomotor capture by peripheral stimuli (Rolfs, Engbert, & Kliegl, 2004) . Another possible interpretation is that most of these fixational saccades were return saccades that corrected fixation error introduced by the initial congruent fixational saccades, since consecutive fixational saccades tended to be opposite in direction (see Supplementary material: Return saccades). However, some attention studies have shown that cue-opposite fixational saccades could occur even without preceding cue-congruent fixational saccades (Galfano, Betta, & Turatto, 2004; Hafed & Clark, 2002; Laubrock, Engbert, & Kliegl, 2005; Rolfs, Engbert, & Kliegl, 2004) , suggesting some fixational saccades might not have been fixation correcting.
Fixational saccade rate modulation
Previous studies have reported a systematic rate modulation after stimulus onset, with an early ($150 ms) decrease followed by a late ($350 ms) increase in rate Laubrock, Engbert, & Kliegl, 2005; Rolfs, Kliegl, & Engbert, 2008; Valsecchi & Turatto, 2007; Yuval-Greenberg et al., 2008) . It has been hypothesized (e.g., Hafed & Ignashchenkova, 2013 ) that this rate modulation is triggered by visual transients, not attention, because a similar rate modulation was observed during a task that did not require attention shifts or for tasks that had different attention requirements (e.g., exogenous versus endogenous; Laubrock, Engbert, & Kliegl, 2005) . This suggests that changes in fixational saccade rate and direction reflect separate processes (Hafed & Ignashchenkova, 2013; Laubrock, Engbert, & Kliegl, 2005; Pastukhov & Braun, 2010) . Our results complement that interpretation. We found that parafoveal stimuli increased the direction bias without affecting the overall rate in the 100-250 ms time epoch (Figs. 2B and 3A and B) . In a later time epoch ($300-400 ms), although fixational saccade rate increased ( Fig. 2A) , there was little or no bias in fixational saccade direction toward the stimuli.
The early decrease in saccade rate has been termed ''microsaccadic/saccadic inhibition'' Rolfs, Kliegl, & Engbert, 2008; Valsecchi & Turatto, 2007) and has been documented for small fixational saccades as well as for large, voluntary/exploratory saccades after visual transients. It was proposed that the microsaccadic/saccadic inhibition might reflect a fast, reflex-like response of the oculomotor system to sudden changes in the visual scene (Engbert, 2012; , which might serve to facilitate the processing of new visual information (Rolfs, Kliegl, & Engbert, 2008) . The physiological implementation of microsaccadic/saccadic inhibition is a matter of debate (see Possible neural basis below; Engbert, 2006; Hafed, 2011; Hafed & Ignashchenkova, 2013; Rolfs, Kliegl, & Engbert, 2008; . One model (Hafed & Ignashchenkova, 2013) has proposed that stimulus onsets might act similarly to stop signals in classic saccadic countermanding tasks (Logan & Cowan, 1984; Verbruggen & Logan, 2009) . According to this model, the early decrease in rate reflects cancelled fixational saccades, whereas the late increase in rate reflects a synchronized saccadic rhythm due to phase resetting. Additionally, the early, directional fixational saccades, like those we observed, reflected movements that the stimulus failed to cancel, perhaps because of spatially congruent activity caused by the visual stimulus in visuomotor maps like the SC (Hafed & Ignashchenkova, 2013) .
We found that peripheral stimuli led to a subtractive suppression of fixational saccade rate, but it remains to be seen if and to what extent the suppression depends on the location of the stimuli. The critical test to distinguish between global and peripheral suppression, which has yet to be performed, is whether pairs of parafoveal stimuli might suppress fixational saccades toward one or the other of the two stimuli. In our results, when parafoveal stimuli were presented alone, fixational saccade rate remained relatively similar to the blank condition over the 100-250 ms time epoch (Fig. 3A, black) . We speculate that fixational saccade rate during parafoveal-alone conditions can be explained by two factors: (1) any visual transient, regardless of eccentricity, triggered widespread (global) suppression, and (2) parafoveal stimuli caused a bias in fixational saccade direction toward the stimulus, which increased the likelihood of a fixational saccade. These two factors (global suppression plus parafoveal direction bias) would have resulted in little net change in fixational saccade rate during the 100-250 ms time epoch when parafoveal stimuli were presented alone (Fig. 3A) . The time course of the fixational saccade rate also revealed that parafoveal stimuli led to a small and delayed rate suppression when they were presented alone ( Fig. 2A) , consistent with previous findings on saccadic inhibition caused by foveal stimuli (e.g., Rolfs, Kliegl, & Engbert, 2008) .
It also remains to be tested whether the size of the subtractive shift in fixational saccade rate would depend systematically on the contrast of the peripheral stimuli and/or the luminance and size of the fixation target. Previous results indicated that microsaccadic/ saccadic inhibition was sensitive to the luminance of the visual transient (Rolfs, Kliegl, & Engbert, 2008; ), but we tested only one peripheral contrast in the current experiment. Other studies have shown that the absolute rate of fixational saccades depends on the luminance and size of the fixation target (McCamy et al., 2013; Steinman, 1965) .
Possible neural basis
Behavioral evidence shows that small, fixational saccades and large, exploratory saccades have similar properties (Otero-Millan et al., 2008 Rolfs, Laubrock, & Kliegl, 2006 Zuber, Stark, & Cook, 1965) ; neurophysiological evidence indicates that both of these classes of saccades are controlled by the same neural circuitry (Goffart, Hafed, & Krauzlis, 2012; Hafed, Goffart, & Krauzlis, 2009; Krauzlis, Basso, & Wurtz, 2000; van Gisbergen, Robinson, & Gielen, 1981) . One key structure in the neural circuitry is the SC, which topographically encodes saccade locations in the contralateral visual hemifield (Robinson, 1972) . Saccade direction and amplitude are continuously represented in the visuomotor map (Robinson, 1972) , down to the smallest saccades. Neurons near the rostral pole of the SC selectively increase their activity for small saccades, while caudal neurons increase their activity analogously for large saccades Hafed, Goffart, & Krauzlis, 2009; Krauzlis, Basso, & Wurtz, 2000; van Gisbergen, Robinson, & Gielen, 1981) . In addition, rostral SC neurons maintain tonic activity during fixation (Dorris, Paré, & Munoz, 1997; Krauzlis, Basso, & Wurtz, 2000; Munoz & Wurtz, 1993) . Like large saccades (Lee, Rohrer, & Sparks, 1988; McIlwain, 1991) , the representation for the amplitude and direction of a small, fixational saccade is hypothesized to be based on a population code, with direction and amplitude represented as the center of a mass of a ''hill'' of activity on the visuomotor map (Hafed, 2011; Hafed & Ignashchenkova, 2013) . Analogous visuomotor maps are found in the lateral intraparietal area (Colby & Goldberg, 1999) and the frontal eye fields (Schall & Thompson, 1999) ; our behavioral results might be entirely explained by SC activity or by a combination of activity in all three maps.
We propose a framework for how a visuomotor population code like that in the SC might explain the results of our experiments. During fixation, the activity was centered on the foveal (rostral) region of the map. Parafoveal stimuli near fixation may have shifted the center of mass of the hill of activity, leading to a bias in the direction of fixational saccades toward the parafoveal locations. The shift may have been greater for larger parafoveal contrasts, resulting in an increase in the congruent fixational saccade rate. The peripheral stimuli in our experiment should have activated peripheral (caudal) locations in the map. The activity may have been insufficient to trigger a large saccade to the corresponding visual field location, but enough nonetheless to suppress activity near the foveal (rostral) region of the map.
We observed that the fraction of congruent fixational saccades (i.e., the direction bias) evoked by parafoveal stimulation was suppressed by simultaneous presentation of peripheral stimuli. This interaction likely reflected suppressive interactions within a visuomotor map, possibly the SC. A number of physiological studies have quantified the nature of competitive interactions among neural populations within the SC (Basso & Wurtz, 1997; Li & Basso, 2005; Munoz & Istvan, 1998; Mysore, Asadollahi, & Knudsen, 2010; Vokoun et al., 2014) . Population responses in the SC to paired visual stimulation are sub-additive, transitioning anywhere between averaging to winner-takes-all (Li & Basso, 2005; Vokoun et al., 2014) . This activity has been shown to be well described by divisive normalization (Mysore, Asadollahi, & Knudsen, 2010; Vokoun et al., 2014) , a computation ubiquitous in the visual system and throughout cortex (Busse, Wade, & Carandini, 2009; Carandini & Heeger, 2012) . The readout of activity within the SC has been modeled to account for the location and latency of large saccades (Findlay & Walker, 1999; Godijn & Theeuwes, 2002; Kopecz, 1995; Marino et al., 2012; Trappenberg et al., 2001; Vokoun et al., 2014) . Our results here suggest that fixational saccades could depend on a similar computation. The suppression by peripheral stimuli might have interacted divisively with the responses evoked by parafoveal stimuli, increasing for larger parafoveal contrasts. Thus, the shift in the hill of activity caused by the parafoveal stimuli near fixation would have been suppressed by the peripheral stimuli.
We also observed that peripheral stimuli caused a subtractive suppression of the overall rate of fixational saccades. The precise mechanism for the triggering of fixational saccades, contributing to fixational saccade rate, remains unclear. Several proposals have been put forward (Hafed, 2011; Hafed & Ignashchenkova, 2013; Otero-Millan, Macknik, et al., 2011; Rolfs, Kliegl, & Engbert, 2008) . One plausible explanation of our results is that the amplitude of activity at the center of mass of the visuomotor map was reduced by peripheral stimulation (Rolfs, Kliegl, & Engbert, 2008) . Perhaps in line with this proposal, pharmacological inactivation of the rostral SC has been shown to result in a decrease of fixational saccade rate (Hafed, Goffart, & Krauzlis, 2009 ). Another possibility is that the amplitude of activity at the center of mass was largely unchanged, but that the threshold for evoking a saccade was increased (Hafed, 2011) .
Besides saccade preparation, the SC is hypothesized to implement a ''priority'' or ''salience'' map (Corbetta et al., 1998; Kustov & Robinson, 1996) , which also selects saccade targets (Carello & Krauzlis, 2004; McPeek & Keller, 2004) and the locus of attention in the absence of a saccade (Fecteau, Bell, & Munoz, 2004; Ignashchenkova et al., 2003; Lovejoy & Krauzlis, 2010; Müller, Philiastides, & Newsome, 2005) . We probed interactions in visuomotor maps using visual stimulation as inputs, and small, fixational saccades as outputs. Similar computations might also govern interactions caused by other types of input perturbations (e.g., attention, large saccade preparation), and other output behavioral metrics (e.g., perceptual sensitivity, saccade latency).
